Outer membrane β-barrel proteins (OMPs) are crucial for numerous cellular processes in prokaryotes and eukaryotes. Despite extensive studies on OMP biogenesis, it is unclear why OMPs require assembly machineries to fold into their native outer membranes, as they are capable of folding quickly and efficiently through an intrinsic folding pathway in vitro. By investigating the folding of several bacterial OMPs using membranes with naturally occurring Escherichia coli lipids, we show that phosphoethanolamine and phosphoglycerol head groups impose a kinetic barrier to OMP folding. The kinetic retardation of OMP folding places a strong negative pressure against spontaneous incorporation of OMPs into inner bacterial membranes, which would dissipate the proton motive force and undoubtedly kill bacteria. We further show that prefolded β-barrel assembly machinery subunit A (BamA), the evolutionarily conserved, central subunit of the BAM complex, accelerates OMP folding by lowering the kinetic barrier imposed by phosphoethanolamine head groups. Our results suggest that OMP assembly machineries are required in vivo to enable physical control over the spontaneously occurring OMP folding reaction in the periplasm. Mechanistic studies further allowed us to derive a model for BamA function, which explains how OMP assembly can be conserved between prokaryotes and eukaryotes.
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membrane protein folding | beta-barrel transmembrane protein O uter membrane β-barrel proteins (OMPs) are found in the outer membranes of Gram-negative bacteria, mitochondria, and chloroplasts (1) . The functions of OMPs are versatile and often essential as they include transport of metabolites and toxins as well as membrane biogenesis (2) . Alterations of outer membranes and outer membrane proteins can lead to the development of antibiotic-resistance in pathogenic bacteria, and dysfunction of OMPs in outer membranes of mitochondria plays a role in diabetes and neurodegenerative diseases, among other life-threatening illnesses (3) (4) (5) (6) (7) . How OMPs attain their native fold in their natural lipid environment is therefore a fundamental question in biological and biomedical research.
The biological assembly of outer membrane proteins into bacterial outer membranes requires a functionally conserved protein complex, termed β-barrel assembly machinery (BAM) (8, 9) . Previous work suggested that the main subunit of the BAM complex, the OMP BamA, carries out its essential function by providing a structural basis for OMP folding (10) (11) (12) . However, it has been shown many times that OMPs are capable of spontaneously folding to their native state in model membranes in vitro through an intrinsic folding pathway in the absence of BamA (13) (14) (15) (16) (17) . Neither the folding in vivo nor in vitro requires an external energy source such as ATP or a redox potential (18, 19) .
The observation that OMPs can fold to their native states in vitro raises the important question of why OMPs require assembly machineries such as BAM to fold into their cellular outer membranes. To address this question, we developed an experimental strategy that enabled us to monitor the folding kinetics of bacterial OMPs in the absence and presence of prefolded BamA under membrane conditions that mimicked the periplasmic lipid environment. We discovered that native lipid head groups impose a kinetic barrier to folding that is relieved by the catalytic action of BamA. Our findings explain many in vivo observations and allowed us to derive a biophysical model of OMP sorting to the correct cellular membrane followed by its folding into bacterial outer membranes.
Results

Native Lipids of Escherichia coli Outer Membranes Support Poor
Folding Efficiencies in Vitro for Outer Membrane Proteins. To obtain generally applicable insights into the biological folding of outer membrane β-barrels, we investigated the folding of eight distinct OMPs: full-length outer membrane protein A (OmpA 325 ), OmpT, OmpX, OmpW, PhoP/PhoQ-activated gene product (PagP), outer membrane phospholipase (OmpLA), the long-chain fatty acid transport protein (FadL), and the β-barrel assembly machinery subunit A (BamA) from E. coli. We chose these OMPs for several reasons: (i) These proteins all derive from the same biological membrane and have experienced similar evolutionary pressures with respect to their native lipid environments; (ii) they have distinct sequences with no significant pairwise sequence similarity; (iii) their folding has been extensively studied in vitro and in vivo (15) ; and (iv) their structures are solved at high atomic resolution, which shows that the set is structurally diverse within the β-barrel fold (20) . All of these proteins will fold into synthetic lipid vesicles composed of phosphocholine head groups. In contrast, SI Appendix, Fig. S1 shows the generally poor folding we observed using membranes composed of native lipids purified from E. coli. Despite an
Significance
The folding of outer membrane proteins (OMPs) in biological membranes in vivo requires an evolutionarily conserved and essential protein, β-barrel assembly machinery subunit A (BamA). By investigating the folding kinetics of OMPs into membranes composed of Escherichia coli lipids, we discovered that periplasmic lipid head groups impose a kinetic barrier to OMP folding. This barrier serves as a negative selection to prevent OMPs from folding into inner bacterial membranes where they would dissipate the proton motive force and kill the cell. We showed that BamA enables OMPs to overcome this barrier at bacterial outer membranes by enhancing their observed folding rates. We propose BamA does so by creating bilayer defects, which are known to accelerate the intrinsic folding reaction.
extensive search for productive folding conditions, we only ever observed moderate folding for OmpT, BamA, and OmpA, an insignificant amount of folding for PagP and OmpX, and no folding for OmpLA, FadL, and OmpW after a 20-h incubation. These results demonstrate that bacterial OMPs have limited abilities to attain their native state in a membrane prepared from native lipids in the absence of the BAM complex. The observed folding efficiencies are extremely low in comparison with those carried out using membranes composed of nonnative lipids (15) . Based on these results, we hypothesize that the E. coli outer membrane lipids represent a physical environment that slows intrinsic OMP folding.
Native Lipid Head Groups Impose a Kinetic Barrier to the Intrinsic OMP Folding Reaction. The vast majority of in vitro folding experiments have been conducted using lipids with phosphocholine (PC) head groups. This lipid environment supports fast and efficient folding, but PC is not a naturally occurring head group in E. coli (15) . In contrast, the outer membrane, inner leaflet surface encountered by a folding OMP in vivo completely lacks PC and is instead enriched in phosphatidylethanolamine and contains phosphatidylglycerol as well as a small fraction of cardiolipin (21, 22) . To quantify the impact of these native head groups on folding, we developed a lipid "host" and "nativeguest" head group strategy in which the host head group was PC and the native-guest head groups were phosphoethanolamine (PE) and/or phosphoglycerol (PG), and lipids were mixed in different mole ratios. We collected kinetic traces for OMP folding into various lipid compositions using a representative set of the initial eight OMPs, namely, OmpA, OmpLA, OmpX, and OmpA 171 (a truncated version of OmpA containing only the TM β-barrel domain; ref. 23) . Fig. 1 shows that the introduction of a guest PE head group slows the observed folding rates of all four OMPs. Further, the PE-induced kinetic retardation demonstrates a dose-dependence as evidenced by the finding that the observed folding rates of OmpX, OmpA, and OmpLA are even slower in 20% PE as compared with 5% PE, which are already slowed in comparison with 100% PC lipids. In contrast to the observation that 20% of OmpA 171 folds in the burst phase into 100% PC lipids, the introduction of 20% PE induces a lag time in the appearance of the folded protein. Such a lag is also evident for both OmpLA and OmpA in 20% PE. The impact of this PE-induced slower folding on the folded efficiency is dramatic: Although 50-80% of the OMPs are folded in 100% PC after 1 min, this same folding efficiency was not reached even after 1 h in membranes containing 20% PE guest lipid. This result is completely compatible with the poor folding observed using native E. coli lipids where the PE fraction is much higher, and our findings for OmpA agree well with a previous observation that PE slows the folding of OmpA (24) . Our study using multiple OMPs suggests PE has a general effect on OMP folding. Fig. 2 shows that the introduction of 20% PG guest lipid also kinetically retards the folding of OmpA and OmpLA, although to different extents. Compared with 100% PC, the kinetic retardation of 20% PG on OmpLA severely affected its observed folding rates, reducing both the fast and slow rates by an order of magnitude. The consequential effect on final folding efficiency was a reduction of 18%, which is similar to the effect on efficiency of 20% PE (−15% compared with 100% PC). However, because 20% PE induced the formation of a lag phase for OmpLA, higher amounts of folded protein appeared at earlier time points in 20% PG compared with 20% PE. The inclusion of 20% PG slowed the fast and slow observed rates for OmpA folding by 12-fold and threefold, respectively. Although the appearance of folded OmpA was slowed, the final efficiency was not affected by 20% PG compared with 100% PC. Similarly, the combination of 20% PE + 20% PG (henceforth PE+PG) displayed OMP-specific effects. Although the presence of PG relieved some of the inhibitory effect of PE lipids on OmpA folding, the PE+PG combination had an additive inhibitory effect on OmpLA folding. Our results therefore disagree with previous suggestions that folding of bacterial OMPs is overall favorable in phospholipids with glycerol head groups (25) . Unlike the general trend of PE lipids slowing OMP folding, we demonstrated that PG lipids can either kinetically promote or inhibit folding of individual OMPs in the presence of PE. Overall, our results suggest that the periplasmic lipid head groups of PE and PG kinetically modulate the intrinsic OMP folding reaction with the general effect of imposing a kinetic barrier to folding. outer membranes, we hypothesized that the BAM complex must function to reduce the activation barrier to folding. Because the central component, BamA, is evolutionarily conserved, we tested its ability to accelerate the folding of client OMPs in our hostguest membrane system by prefolding BamA into the various lipid compositions. As a negative control, we folded client OMPs into vesicles containing prefolded OmpA or OmpX, neither of which should function to accelerate the folding of a client OMP (SI Appendix, Fig. S2 ). Fig. 1 shows that prefolded BamA accelerates the folding for all OMPs tested in 20% PE; BamA, therefore, lowers the kinetic barrier imposed by PE head groups. The acceleration is significant: for example, OmpX folded ∼10x faster in the presence of prefolded BamA in 20% PE guest membranes in comparison with the absence of BamA ( Fig. 1 and SI Appendix, Fig. S4 ). This type of reaction acceleration is suggestive of an enzymatic function for BamA in OMP biogenesis. To test this hypothesis, we sought to determine a V max and K m for BamA using OmpX as substrate by carrying out experiments in which we increased the OmpX concentration from 1 to 16.6 μM while keeping BamA and the lipid concentration constant (Fig. 3 and SI Appendix, Fig.  S6 ). In both the presence and absence of prefolded BamA, the initial rates of the OmpX folding reaction followed a first order rate law (Fig. 3) . Additionally, the observed OmpX folding rates increased as the OmpX substrate concentration was increased, as expected for Michaelis-Menten kinetics. However, we were unable to observe a saturation point for BamA catalysis, even by going as high as 16.6 μM OmpX. This result may indicate a high K m for BamA with respect to a protein substrate. Higher substrate concentrations could not be tested due to increased selfassociation of unfolded OmpX and decreased OMP folding rates as a consequence of low lipid to protein ratios of <90:1 (26) (27) (28) . For these reasons, full enzymatic parameters could not be determined for BamA-catalyzed folding under these conditions. Another possibility is that the interactions between BamA and a client OMP are not saturable.
The
We further tested whether BamA activity was affected by lipids with a PG head group and found that its effect is more limited than that of PE. Fig. 2 shows that prefolded BamA accelerated the folding of OmpA in lipids containing either 20% PG or the combination PE+PG compared with OmpA folding in the absence of prefolded BamA. In contrast, prefolded BamA slightly inhibited the folding of OmpLA in lipids with 20% PG. Moreover, the effects of PE and PG on BamA did not display an additive effect on OmpLA folding because the PE+PG combination did not accelerate OmpLA folding kinetics (Fig. 2) , despite the fact that 20% PE alone does allow BamA to accelerate OmpLA folding (Fig. 1) . Negative controls confirm that these kinetic effects were specific to BamA, because replacement of prefolded BamA with prefolded OmpA or prefolded OmpX did not show these trends. Bacterial OMPs have been shown to contain a conserved sequence of about ten amino acid residues that form a β-strand at the C-terminus, termed the "OMP β-signal" (29) . This signature sequence is crucial for the assembly of OMPs in vivo, specifically the highly conserved C-terminal phenylalanine (C-Phe) (30, 31) . To investigate the function of the OMP β-signal in more detail, we deleted the C-Phe from OmpA 171 and OmpLA and folded the proteins into large unilamellar vesicles (LUVs) containing 0 or 20% PE with or without prefolded BamA. The experiments in 100% PC lipids allowed us to demonstrate that disruption of the OMP β-signal did not perturb the intrinsic folding of OMPs and to distinguish this possibility from BamA-catalyzed folding acceleration of OMPs. Fig. 4 and SI Appendix, Fig. S7 show that deletion of the C-Phe in both client OMPs caused a significant delay in BamA-catalyzed folding in comparison with the wild-type sequences of both proteins. As expected, we observed no statistically significant differences in the absence of prefolded BamA. Taken together, these results demonstrate that defects in OMP assembly upon deletion of the C-Phe are not the consequence of altered intrinsic folding kinetics. Rather, the lack of the C-Phe negatively impacts the ability of BamA to lower the kinetic barrier OmpX was folded into PC LUVs containing 20% PE with or without prefolded BamA at different final OmpX concentrations. The lipid concentration was 1.6 mM, and the final concentration of prefolded BamA was ∼1.6 μM. SI Appendix, Fig. S6 shows representative kinetic traces of OmpX folding with and without prefolded BamA that were used to determine the initial OmpX folding rates. Experiments were conducted in triplicate and samples were recorded, analyzed and fitted as described in Fig. 1. imposed by PE lipids. Optimal catalytic activity of BamA therefore depends on the C-Phe of the β-signal in a client OMP.
BamA consists of five periplasmic N-terminal polypeptidetransport-associated (POTRA) domains and a C-terminal transmembrane β-barrel domain (10, 32) . To test whether the BamA POTRA domains are required for OMP folding acceleration, we folded OmpA 171 and OmpX into 20% PE LUVs containing a prefolded BamA variant lacking POTRA domains 1-4 (BamAΔP1-4). Fig. 1 shows that BamAΔP1-4 retained the ability to enhance OMP folding kinetics in PE lipids. Nevertheless, the folding kinetics of OmpA 171 and OmpX in the presence of prefolded BamAΔP1-4 were not accelerated to the same extent in comparison with wild-type prefolded BamA. We rationalize that this decrease in catalytic activity is partly due to the fact that BamAΔP1-4 exhibits around 50% less folding efficiency than wild-type BamA under the same folding conditions (SI Appendix, Fig. S2 ). As expected for an enzymatically catalyzed reaction, a decrease in the amount of enzyme would lead to diminishment in observed activity. Indeed, it has been observed that the acceleration in OMP folding kinetics increases with increasing amounts of folded BamA (24) . However, because the apparent rate is diminished fivefold by a twofold reduction in enzyme concentration, a reduced specific activity of this truncated form could also contribute to this result. Despite this latter possibility, our experiments support the idea that the BamA mechanistic abilities are located at the membrane and only require the transmembrane β-barrel domain of BamA and POTRA domain 5.
Discussion
Outer Membrane β-Barrel Folding Is Physically Controlled by the Periplasmic Lipid Head Groups and BamA. Our experiments demonstrate that only a subset of OMPs are capable of adopting a native fold in membranes of native lipid compositions without the "assistance" of the BAM complex. Moreover, even when some folding occurs, these intrinsic folding reactions into native E. coli membranes are inefficient and too slow to be biologically relevant. Using a lipid "host-native guest" system, we showed that the presence of either PE or PG head groups kinetically retards OMP folding. Biologically, this is initially a paradoxical finding: Why should native head groups slow the folding of proteins that are eventually destined to be incorporated into those membranes? This apparent contradiction can be reconciled by recognizing that the periplasmic membrane surfaces of both the inner and outer membranes have similar lipid compositions and would pose similar kinetic barriers (33) . We reason that this physical property of the periplasmic lipid head groups is crucial for cell viability, because it enables negative control over a spontaneously occurring cellular reaction (13) (14) (15) , namely intrinsic OMP folding. Because many OMPs function as porins, which create holes in membranes (34) , it is conceivable that the folding of even one OMP into the bacterial inner membrane could dissipate the proton motive force and kill the cell. Therefore, slow and negligible spontaneous folding into a native lipid membrane would function to kinetically partition OMPs away from inner membranes and into periplasmic chaperone complexes that deliver unfolded OMPs to bacterial outer membranes (Fig. 5) . Wu et al. (35) have shown that unfolded OMPs bind to chaperones with half times on the millisecond time range; thus, the kinetic retardation we observe with native head groups is more than sufficient to partition unfolded OMPs away from inner membranes and into chaperone complexes that presumably direct unfolded OMPs to the BAM complex in outer membranes.
Although this physical control mechanism preserves the integrity of the inner membrane, kinetic retardation creates a challenge for the cell at the periplasmic membrane surface of the bacterial outer membrane. We propose that BamA, the central component of the outer membrane BAM complex, functions to overcome this biological obstacle by reducing the lipid-imposed activation barrier to OMP folding at the site of the correct biological membrane. It is noteworthy that BamA is itself a transmembrane β-barrel, and this physical control mechanism also prevents its incorporation into bacterial inner membranes. The fact that this catalytic activity does not require the remaining BAM subunits is consistent with the observation that BamA is the only evolutionarily conserved subunit of the BAM complex (36) .
Mechanistic Interpretations of BamA Function. An intriguing question concerns how BamA mechanistically carries out its function. We and others previously determined that a reduction of bilayer thickness as well as higher curvature in membranes both accelerated the intrinsic folding kinetics of bacterial OMPs (15) . These findings lead to the idea that bilayer defects, distortion of the membrane surface, and thinning of the bilayer decrease the kinetic barrier to intrinsic OMP folding. It is also notable that PC lipid membranes, which support fast and efficient folding in vitro, are less densely packed and have different lateral pressures than membranes containing PE and/or PG lipids (37) (38) (39) . To accelerate folding in vivo, creating perturbations in the membrane surface and thinning the bilayer should therefore be physical mechanisms used in catalysis. Remarkably, the recently solved crystal structure of BamA showed exactly that result: microsecond simulations of membranes composed of PE lipids showed bilayers were ∼16 Å thinner and less densely packed around BamA β-strands 1 and 16 in contrast to the opposite side of the BamA transmembrane β-barrel (32). The creation of this type of local membrane defect, a thinner membrane with decreased lipid packing and lower lateral pressure, would facilitate fast intrinsic OMP folding kinetics without the requirement to provide any conformational folding instructions, consistent with the Anfinsen hypothesis and the many in vitro folding studies demonstrating that the protein sequence of an OMP itself contains all of the information to specify the fold. In accordance with the idea that BamA should function to create a local membrane defect, we demonstrated that the catalytic activity of BamA is located at the membrane. The fact that BamA can so profoundly affect the membrane structure by stabilizing an excited state "membrane-defect" conformation also highlights the idea that the membrane is a second substrate of the BamA enzymatic activity. Because this membrane-defect stabilization is so pronounced, a high K m as we observe toward the other substrate, an OMP folding client, may be all that is required for efficient folding catalysis. This mechanistic hypothesis leaves the important question of how OMPs are localized to the membrane defect created by BamA. Aside from chaperones, which are certainly thought to play a role in delivering client OMPs to outer membranes (40) , previous in vitro studies demonstrated that BamA interacts with the client OMP β-signal, specifically the C-Phe residue, and this recognition caused alterations in the BamA transmembrane β-barrel domain (41) . Upon inspection of the E. coli BamA structural model, we noticed that β-strand 16 of BamA is a mirror image of the E. coli OMP β-signal (SI Appendix, Fig. S9 ) with the conserved C-Phe residue of a client OMP corresponding to Phe802 in strand 16 of the E. coli BamA sequence. Intriguingly, the molecular dynamics simulations suggested that this same region of the protein, β-strands 1 and 16, are not only the site of a BamA-induced membrane defect, but also form a lateral gate to open the transmembrane β-barrel domain of BamA (32) . It is tempting to speculate that BamA Phe802 may play a role in BamA substrate recognition of a client OMP β-signal, especially if the client β-signal C-Phe replaces a BamA Phe802 ground state intraprotein interaction during catalysis.
Although the molecular details of catalysis remain to be determined, our results nevertheless show that BamA-catalyzed OMP folding is slowed upon disruption of the client OMP β-signal in a manner that cannot be dismissed as a defect in the intrinsic folding abilities of OMPs. In excellent agreement with our findings in vitro, the lack of β-signal C-Phe resulted in the accumulation of the E. coli OMP PhoE in the periplasm of living bacteria, and reducing the PhoE expression levels restored its assembly into the outer membrane (30, 31) . It has also been observed that β-signal peptides, when added in trans, inhibited binding of a client OMP to Sam50/Tob55, the mitochondrial homolog of BamA (42) . Adding scrambled peptide sequences of identical composition had no effect. In a separate study, deletion of the β-signal C-Phe prevented formation of the native Tom40 β-barrel by Sam50/Tob55 (43) .
In conclusion, our suggested catalytic function for BamA-mediated OMP folding in the cell (Fig. 5) is founded upon physical folding principles. Our data indicate that both the membrane and the client OMP are substrates acted upon by BamA in the catalytic reaction. Accelerating folding by stabilizing excited states of both substrates implies that bacterial OMPs can be recognized and folded by the homologous eukaryotic assembly machineries and vice versa, in agreement with the current literature (44, 45) .
Materials and Methods
Mutagenesis of Outer Membrane Proteins. Plasmids encoding mature wildtype OMPs were constructed previously (15, 23) . Variants lacking the C-terminal phenylalanine for the truncated OmpA 171 (OmpA 171 ΔPhe) and OmpLA (OmpLAΔPhe) were PCR amplified from full-length genes and subsequently cloned into the popinE expression vector (Oxford Protein Production Facility) (46) . The BamA mutant lacking POTRA domains 1-4 (BamAΔP1-4) was generated by ligation-independent cloning directly into a popinE plasmid. The methods are described in greater details in SI Appendix, SI Text.
Production of Denatured Outer Membrane Proteins. Expression, isolation, and purification of denatured OMPs were performed according to refs. 15 and 23.
Growth and Extraction of E. coli Outer Membrane Lipids. The E. coli mutant strain WBB06 was obtained from the Yale E. coli genetic stick center. Extraction of outer membrane lipids was performed according to ref. 47 and is described in greater detail in the SI Appendix, SI Text.
OMP Folding into SUVs Made from Extracted E. coli Outer Membrane Lipids. Preparation of small unilamellar vesicles (SUVs) is described in the SI Appendix, SI Text. Folding was initiated by rapid dilution of denatured OMPs into folding buffer containing SUVs, while stirring, to a final concentration of 4 μM protein and 1.2 mM lipids in 1 M urea, 20 mM borate pH 8. Folding temperature was controlled using a rotating incubator (Hybridization Incubator Model 400, Robbins Scientific) and the folding samples were incubated for 20 h at 47°C and 6 rpm.
OMP Folding into Synthetic LUVs and Analysis of Folding Kinetics. Preparation of LUVs is described in the SI Appendix, SI Text. Folding was initiated by rapid dilution of denatured OMPs into folding buffer to a final concentration of 1-16.6 μM uOMP, 3.2 mM lipids, 1 M urea, 2 mM EDTA, 20 mM borate pH 10 with constant stirring at 35°C (10 Sample Thermoelectric Temperature Incubator, Model T-10, Aviv Biomedical). Time points were taken by removing small aliquots and quenching the reaction with 5× SDS gel-loading buffer (LB) to a final concentration of 1× SDS gel LB. Additional samples were taken in the first minute and at the end of the experiment termed "pre" and "postsample," respectively. These samples were boiled for 5 min at 95°C.
Folding of denatured OMPs into host PC LUVs containing 20% PE, PG, or 20% PE + 20% PG with prefolded OMPs, BamA/BamAΔP1-4/OmpA/OmpX, was conducted as follows: BamA, BamAΔP1-4, OmpA, or OmpX were folded as described above to a final folding mixture of 4 μM OMP and 3.2 mM lipids. Folding of bacterial OMPs into the outer membrane of E. coli is kinetically prevented by the bilayer thickness and a densely packed membrane surface, caused by PE and PG head groups (15, (37) (38) (39) . At the outer membrane, BamA accelerates client OMP folding by the creation of local defects in and thinning of the membrane bilayer (32) , which promote faster intrinsic folding kinetics (15) . β-signals of client OMPs are recognized by BamA, which localizes clients to the site of the membrane defect. A high K m value of BamA for client OMPs together with favorable OMP folding free energies (49) drive the client OMPs to dissociate from BamA and move away into the membrane. This mechanistic view indicates how bacterial and mitochondrial OMPs can be recognized and folded by the eukaryotic BamA homologs (44, 45) . POTRA, polypeptidetransport-associated.
